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ABSTRACT

FEASIBILITY STUDY FOR THE DESIGN OF A

PORTABLE ROCK/COAL DUST METER

Harbans Behari Mathur
Master of Science, Electrical Engineering

Youngstown State University, 1830

This thesis deals with a feasibility study for the
design of a Rock/Coal Dust Meter (RD meter) using an optical
fiber probe, i.e., to investigate and develop a method to
determine the safe percentage (by weight) of Rock Dust (RD)
in a mixture of Coal Dust and Rock Dust sample. The goal is
to develop a model that will predict the results of
laboratory experiments. This model will be used to determine
the Feasibilitg of developing a RD meter, and to investigate
the relationship of existing theory to laboratory

measurements.

The attenuation, reflection and scattering of 1light
waves from a coal/rock dust surface are important elements
in such investigations. Currently, a large amuqnt of
research and development work is being done by researchers
in other fields, e.g., the determination of the oxygen
content in blood by measuring the diffuse reflectance. Such
an RD meter may be used to detect dangerous levels of coal
dust in coal mines; coal mine explosions may then be

averted .
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CHAFTER I
INTRODUCTION
1.1 OBJECTIVE

The objective of this project is to conduct a
feasibility study for the design of a portable battery-
powered RO meter capable of distinguishing between safe and
unsafe Coal Dust - Rock Dust mixtures. The experiments
conducted indicate that the change in reflectance property
of the sample with concentration of RD ( using an infrared

or near infrared light source ).

The following tasks are set in order to accomplish

this objective.

1. Understand optical fibers and their application as a
probe.

2. Design a suitable electronic circuit to measure
light backscatter/reflectance in terms of electrical
parameters.

3. Measure Coal and Rock Dust light reflectance.
1.2 BACKGROUND

Many years of research on explosion by the United
States Bureau of Mines, and similar agencies in other
countries have shown that mixing a specific/critical

quantity of inert dust ( Rock Dust ) with Coal Dust (CD)



will prevent Coal Dust explosions. Rock dusting is required
by Federal Code in underground coal mines in the United
States with limestone dust, the most commonly usedv
substance. The law requires B0 wt pct incoﬁbustible material
in the dust deposited in returns and 65 wt pct elsewhere in
the ﬁine, except for the first 40 ft (12.2 meters) from the

Face, where only crosscuts must be rock dustadh

In the presence of methane, the incombustible content
of the dust must be increased by 0.4 pct in returns and 1
pct elsewhere, for each 0.1 wt pct methane in the
ventilating air. An inspector for the Mine Safety & Health
Administration (MSHA), in éompliance with the law,

periodically collects the samples of deposited dust.

The conventional sample comes from a 6 inch (152.%mm)
wide band across the floor, ribs and roof to a depth of 1
inch (25.4% mm) , where possible. If the floor is well rock
dusted, but the roof and ribs are determined visually to be
deficient ih Rock Dust content,lthen it is recomme%ded that
the combined rib and roof portion of the band sample be kept
separate from the floor portion, and a separate analysis be
made on each. The inspector screens the sample through a
No. 10 sieve, if possible, and sends about 200 gms of the

sieved sample to the laboratory for analysis.

The concentration of Rock Dust in the sample is

NOTE: Superscript numbers throughout the thesis correspond
to numbers in the bibliography..



obtained by wvolumetric methods. From this Rock Dust

measurement, the incombustible content is computed.
Typically, the results of the analysis are received about
two weeks after the sample is taken. In the mean time, the
mine operators must rely on visual inspection (grayness) of
rock dusted areas to estimate the quality of the rock

dusting practice on a daily basis.

For the past feuw years the Bureau of Mines has been
developing several radiometric meters to measure Rock Dust

in dust samples to help reduce the time delay and expense

involved in the analysis. Meters utilizing beta () and
gamma (¥) radiation have been built; the B and ¥-rays were

noted to react strongly with Ca (Calcium) and Mg (Magnesium)

atoms present in the Rock Dust and ash, but react weakly
with H (Hydrogen), C (Carbon) or 0 (Oxygen) atoms found in
the coal or water. To date, such single energy level
radiometric approaches for measuring the rock dust and ash
content of mine dust samples (excluding water) are 1limited

to large samples and non-portable equipmentz.

To alleviate the problems cited above, the Bureau of
Mines designed and constructed a portable optical RD meter,
that measures the concentration of RD in a primary RD/CD
mixture ( measuring the dust’s optical reflectivity ). The
task performed by their portable meter provides a simple and
rapid determination of the Rock Dust content in the grab

Samplesz.



The Bureau ‘of Mine’s optical Rock Dust probe has

several drawbacks, namelga

a) sensitivity to moisture
b) dust compaction, and

c) particle size distribution.

The purpose of their research was to determine if
spatial distribution and polarization of photons, scattered
from a dust layer, aids in the building of a meter that is
not sensitive to above three factors. In the first phase of
their research, they concentrated on studying the spatial
distribution of the scattered photons, leaving the

polarization studies for possible future research.

Much optical backscatter work has been done by
researchers in the bio-medical field for the design of

meters to measure oxygen concentration in blaodhﬂibmﬁﬂo.

d:3 BUREAU OF MINES RD METER

The Bureau of Mines RO meter is capable of measuring
the Rock Dust concentrations of samples and therefore total
incombustible content, giv;ng the ash and water percentage,
either in a mine’s office or by taking direct measurements
in underground roadways ( tunnels ). The operation of the
meter is based on the measuremenf of infrared light
reflected from the sample surface, consisting of a mixture
of dark CD and 1light RD particles. Their RD meter

measurements indicate that the amount of 1light reflected



from the sample surface increases with an increase in the
concentration of RO in the samplez. The correlation obtained
with prepared dust samples is within 2% of results
detefmined by chemical analysis for Rock Dust contents with
30 to 100 weight pct. The response of their meter has been
most encouraging, and if further testing confirms its
reliability, industry will have means of making rock dusting

more effective, thus increasing safety and lowering the cost

of chemical analysis.



CHAFTER =2
THEORY
2.1 INTRODUCTION

The transport of photons in a dust 1layer include
three stochastic processes: (a) the travel of the photon in
the void (air filled) spaces between the particles, (b) the
absorption of the photons by the particles, and (c) the

scattering of the photons by the particles.

Each of the above processes is characterized by a
single parameter: (a) the parameter centers on the particle
mean—-free path (I); (b) it is the absorption coefficient
(x); and in (c) it is the scattering distribution which has
an assumed Gaussian form (charaqterized by the

distribution’s standard deviation, ¢).

This theory assumes that the air Ffilling the
interstitial space between the layer particles is
transparent to the photons. Some of the photons entering the
layer eventually, through scattering, are reemitted from the
surféce. Both the reemitted-and reflected photons are

measured in this project.
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The figure 2.1 depicts the motion of photons in a
dust sample. Photons following trajectories 1 & 2 are
scattered by the dust particles and are lost, i.e., they are
not received by the receiving optical fiber. On path 3 a
photon is scattered by the dust particles, exits the sample
surface and enters the receiving fibers. On path 4% photons
are depicted as being nonspecularly reflected from the

surface and received by the receiving fiber.

e.8 REFLECTION & SCATTERING

Light occupies a small part of broad electromagnetic
spectra. In referring to "optical frequencies” we generally
mean the visible range, the near infrared, and the near
ultraviolet. The propagation of light may be described by
the behavior of rays which are: normal to wave front,
straight 1lines in a homogeneous medium, change directions
according to Snell’s Law at the boundary between dielectric
media, and curved for nonhomogeneous - media. Light wave
(photon) reflection and scatter ( see Appendix A ) have been
used in this project. The guiding of optical waves is
generally accomplished by dielectric waveguides, in our case

optical fibers (0OP).
2.3 ABSORPTION

Equation A.B (Appendix A) is reproduced here as

equation 2.1:



F - Fo a-ald (3.1)
where,
e = 2.718

Fgo is number of photons striking the surface, per unit time,
per unit area.

F is the number of photons that survive after
reflection/scatter and travel through a distance d.

«y is the total absorption coefficient of the material.

Introducing coefficients of reflection and scatter we

have,

o = a, *+ ag (2.2)

where,

.- is the reflectivity coefficient

r

®. is the scatter coefficient

e.4 MATHEMATICAL HMODEL

The mathematical model, for photon - flux

backscattered, developed by the U.S. Bureau of Mines is?

Fu X * kil=- X)J

2.33
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where,

«.. = coal dust particle reflectivity
«., = rock dust particle reflectivity

X = mass fraction of the rock dust

o, & o. are the particle densities of RD and CD, respectively
N, & N, are the RD,CD particle number density, respectively
R,, R, are the RD,CD effective particle radius, respectively

and,

kK S-wm (8.4

Expanding equation (2.3) and after some manipulations, uwe

obtain the following equation (2.5),

- - -
Fo g(xl 8 * =—°Va (2.5)
where,
- P
b ( 1 Srr
c =k
gi= € 1 =k 2
2 +b=1
e +d=1
Developing equation (2.5) further, we obtain
K + XL
where,
K = ac

L=ad +p
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Equation (2.6) is an ’improper rational function’,
this leads to a hyperbola which has an asymptotic behavior.
If only a part of this hyperbolic function is considered,
than it can be approximated with an exponential function. It
is this assumption which is adapted in developing the

related equations in this project.
2.5 BASIC EQUATIONS

Light travels in small bundles called photons. Since
the reflection and scatter of photons from a dust surface is
nonspecular, photons will be randomly ref lected and

scattered. P(8) represents the random travel of the photons:

2

(3)

N
al®

PCe) = N e 2.7)

Inserting this probability factor in equation 2.1 we obtain,

F=F,P(e) g 'ag & 2.8)

where a is the vector displacement of photon.

This equation is used to evaluate the data collected.
2.6 MEASUREMENTS

The operation of the RD meter is based on the
measurement of infrared light backscattered from a sample of
8 mixture of light RD and dark CD particles. The amount of
light received increases with an increase of the

Concentration of RD in the sample.
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2.7 EXPECTED RESULTS

The data collected should exhibit the exponential
decay predicted by above basic equations. The curves will
- decrease monotonically characterized by an absorption

coefficient that is a function of reflectivity (x.) and

r

scatter (as) coefficients for the mixture.
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CHAFTEFR =
APPARATUS AND PROCEDURES
. [ | INTRODUCTION

This chapter deals with the description of the
apparatus and electronics used in the experimentation; the
optical fiber, the optical fiber probe, and the light source
employed are described. Figure 3.1 shows the schematic of

the ccmplete experimental setup.
3.2 OPTICAL FIBER PROBE

The O0Optical Fiber Probe (OFP) was fabricated at the
U.S. Bureau of Mines, Pittsburgh, Pennsylvania. The OFP
(shcwun in Ffigure 3.2) consists c©of two plastic bleocks
approximately 0.25 inch (6.35 mm) thick, 2 inches ( 50.8 mm)
lonb and 0.% inch (10.16 mm) wide. A SO uym (micron) deep and
€ mm long groove was machined on the inside surface of the
probe block. Two parts of the probe block can be taken apart

and reassembled using two machine screuws.
3.3 OPTICAL FIBERS

Initially, silicon Optical Fibers (0OF) were selected.

These OF had a core diameter of 100 um, cladding diameter of



————'*—

AC Power Supply
110 V, 60 Hz

!
| y

: DC POWER.
SUPPLY Y
Transmitting
Optical Fiber +
No. 1\
He-Ne Laser "4 PIN PHOTO OP - AMP DIGITAL
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Fig. 3.1 Schematic of the complete
‘ Experimental setup.
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Fig. 3.2 Optical fiber probe blocks. Fabricated at
United States Bureau of Mine, Pittsburgh,
Pennsylvania.
140 um and buffer diameter of 260 ym. Figure 3.3 shows the
OFP assembly using these fibers. Due to the following
reasons silicon fibers were not used in this project:
.»a. Many of the fibeés were breaking due to frequent
handling.
b. The OF is bonded inside the connector by epoxy
and it was not possible to salvage the connector.
This was found to be a costly proposition, as far
as this project was concerned. Solution was found

by using amp™ connectors.
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c. Another problem concerned the polishing of the

silicon OF end. Fiber ends had to be polished after

they were fitted between the OFP blocks. Silicon
fibers are harder than the plastic material of the
probe. It was found that the blbcks were abrading
faster than the silicon fibers. Therefore, plastic
optical fibers were used.

d. It was found that the light emanating from the
transmitting fiber was illuminating only a small
area. In addition the signal from the light emitting

diode (LED) was not bright enough for an equivalent

output voltage to be measured.

Fig. 3.3 Optical fiber probe assembly using 100 uym silicon
optical fibers. This assembly was redesigned
using five 1000 uym plastic fibers.
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In view of the above points, selected ESKA™ plastic
optical single fiber type EH 4001 (sample courtesy of Dr.
Dominic Messuri of Packard Electric Division, Warren, Ohio).

These OF has a core diameter of 1000 um.

Typical Characteristic of Fiber used are:

Core Diameter 1000 um

Outer Diameter ' 2200 * 70 um
Numerical Aperture (N.AR) 0.47 + 0.03
Critical Half-Angle O, cB8*

Light Ray Acceptance Cone Angle S6°

Core Refractive Index 1.482 (ng)

Sheath Refractive Index 1.417 (ng)d
Attenuation (dB/km) approx. 450 dB/km at 630 nm*

* B32.8 nm for
He-Ne Laser

3.% PROBE ASSEMBLY

Final probe assembly consisted of five ESKAP'EH 4001
OFs. The fibers were laid side-by-side and sandwiched
between the two probe blocks. The blocks then were screwed
together (see figure 3.%), with the probe end of the fibers
flush with the block end. Fibers were then polished using
different grades of abrading paper. With the free end of the
fibers illuminated the probes were checked under a
microscope (courtesy of the department of Biology, KSU,
Trumbull Campus). A circular light pattern seen under the

microscope was a sufficient measure of good polished OF end.
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Fig. 3.4 Optical fiber probe assembly.

At the free end of the fibers AMP™ connectors were
attached. 0One good thing about these connector was that no
epoxy was required to fix the fibers, and they were
reusable. Compared to other connectors these were , much
cheaper. The polishing procedure was also repeated at the
connector. An enlarged view of the placement of Ffibers

inside the probe is shown in figure 3.5.
3.5 THE ELECTRONICS
3.5.1 PHOTO DIODE

Photodiodes can be operated in two different modes to
Measure the light intensity, i.e., the reverse-biased mode

a8nd the short circuit modeu.
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A Honeywell P-I-N photodiode HFD-3B843-002 is used as
a light detector and connected in short circuit mode (i.e.,
in photovoltiac mode) betmeep inverting and noninverting
inputs of the preamplifier stage, Fig 3.8B. - 1In the
photovoltiac mode, the photodiode is connected without g

bias to a load load impedanca“.

3.5.2 CIRCUIT SELECTION

The basic operational amplifier (OP-AMP) circuits are

shown in Figs 3.6(a) and 3.6(h).

Fig. 3.6(a) Fig. 3.6(b)

Fig 3.6 Current to voltage converter.
(a) Circuit compensated for minimum bias current error

(b) Basic circuit configuration

Under ideal conditions (no bias current infinite open

loop gain and infinite impedance), the output voltage (VUg),
is given by :
v

- RI, €3.1)
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and the output voltage is directly proportional to the
current to be measured. The value of R is chosen so that the
expected current produces the desired output. In our case a
voltage of 200 mV is‘desired. For a current of 20 nA

-3
R =200 x 10" 2 _ 45 4,
20 x 10

Since 0OP-AMPs draw bias current, Ibias’ equation

(3.1) must be modified:
Vg = “RI;, + Rlpias (3.2)

The error introduced by the bias current is minimized by
adding a resistor to the noninverting input as shown in Fig

3.6(a). Here the output voltage is given by:

UD - -RIin + RIOEFSEt (3.3

where IoFFset 1s the bias offset current which is
considerably smaller than the bias current. The amplifier
must be chosen so that the offset current is much smaller
than the current to be measured to obtain the desired
accuracy. For the measurement of nanoamps and picoamps it is
usually necessary to use an OP-AMP with an FET input stage.
Table 3.1 shows the comparison between Radio Shack’s LM324
and Motorola’s LF3S6 ICs. Offset voltage was set to obtain a
Z2ero output voltage, of the first stage, by adjusting the

Potentiometer R6 & R1 ( see figure 3.8).

If the sensor is to be used over a wide range of
temperatures, the leakage current can introduce considerable

Brror. This problem is alleviated if the photodiode is used
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in the short circuit mode. With zero wvoltage across the
diode there is no leakage current and the short circuit
current is equal to the photodiode current Iph' The circuit

is as shown in Fig 3.7.

Table 3.1

Comparison of LM324 and LF356 OP-AMP ICs

LM324 LF356
fgpe 0 B LR R st JFET
Low Input Bias Current 4S5 nA 30 pA
Low Input Offset Current S nA 3.0 pA
Low Input Offset Voltage 2 my 1.0 mV
Temperature Compensation @  -——-—- 3 uyu/°C

of Input Offset Voltage

Low Input Noise Curremt = = —=—=-- 0.01 pﬁ/(Hz)K
High Input Impedance @ - ==——= 1012 q
Supply Voltage t 16 V 16 V

High CMRR - ™ 100 dB
High DC UVUoltage Gain 100 dB 106 dB

Source: Radio Shack & Motorola specification data sheets

In reality the amplifier offset wvoltage appears
across the diode plus Rs. Since this voltage is very small,
the leakaée cu;rent is at least two orders of magnitude
Smaller than in the reverse bias mode. Neglecting the offset

Voltage, the output voltage of the amplifier is given by
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Vg = BRIg, (3.4

Since resistor R is 10 Ma the circuit’s

transconductance gain is 20 U/gyA.

Fig. 3.7 Photodiode sensor amplifier for operation
in the short circuit mode.

3.5.3 EXPERIMENTAL CIRCUIT

The experimental circuit is shown in Fig. 3.B. A
Radio Shack IC QUAD OP-AMP LM324% was used for l this
feasibility study . All resistances used were %1% metal Film

resistors to minimize temperature effects.

Since the equipment will ﬁe used both inside and
Cutside of the mine, the circuit will be subjected to wide
temperature variations. For this reason, the photodiode was
used in short circuit mode. The IC LM324 has four OP-AMPs on
the chip, but only two stages were used. This avoided

Unnecessary wiring, thereby reducing the noise picked up by



long wires.

R1 R2 R3 R4
783
LA '
Sn OUTPUT
=]
R6
R7
Fig. 3.8 Experimental circuit.
Component List:
D1 Photodiode, Honeywell HFD-3843-002
IC1 Quad OP AMP, Radio Shack LM324
R1,RB 1 Ma, Variable Potentiometer 3
R3 150 Ka, Variable Potentiometer
R2,R7 10 Ma, %1% Metal Film Resistor
R4 100 Ka, $1% Metal Film Resistor
RS 20 Ka, *1% Metal Film Resistor
A photograph of the circuit is shown in Fig.
Figure 3.11 shows the complete experimental set-up.

c4

3.8.
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Fig. 3.9 Pictorial of actual circuit

3.6 NOISE

By connecting an oscilloscope at the output of the
amplifier 1 MHz noise signal was observed. The source of
this noise was not determined. The post-thesis plén includes

determining and reducing this noise level.

Other sources of noise were due to the improper
grounding of the breadboard and long device leads. Device
leads could be trimmed, once the circuit is finalized and a
Proper printed circuit board is designed. The entire circuit

Could then be properly shielded.
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3.7 LIGHT SOURCE

During tests it was found that the spread of the
light coming out of the transmitting fiber was small.
In addition the 1light from LED (light emitting diode) was
not bright enough to obtain signal at the output of the

amplifier.

A He-Ne Laser was obtained to replace the LED as a
light source (courtesy of Dr. Shashikala Das, Professor of
Physics, Kent State University, Trumbull Campus). The
wavelength of the Laser was 632.8 nm ( or 6328 A& ). The
power of 1light source was 0.85 mW (Fig. 3.10). The 1light
was more intense and had a larger illuminating area than the
LED. For the purposes of this preliminary investigation it

was sufficient.

Fig. 3.10 He-Ne laser light source assembly.



87

Fig. 3.11 General experimental setup.

3.8 SAMPLE MATERIAL

The RD and CD samples used in this project were
supplied by US Bureau of Mines, Pittsburgh . Coal Dust was
Prepared

fFrom bulk ccal that was grounded and sieved under

Contrcoclled laboratory conditions. Five batches, 16 gms each
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of RD and CD mixtures were made:

100 % Coal Dust

75% + 25% Coal Dust (12 gms) + Rock Dust (4gms)
S0% + 50% Coal Dust (B gms) + Rock Dust (B gms)
e5% + 75% Coal Dust (4 gms) + Rock Dust (12 gms)
100% Rock Dust

Considerable effort was made to ensure that the mixtures
were homogeneous. The mixtures were continuously stirred
until a uniform grayness was observed. The surface-weighted-
mean—-diameter of Coal Dust ranged from 25 to 30 um. The
surface-weighted-mean—diameter of Rock Dust ranged from 15

to 20 um 2.

3.8 MEASUREMENTS
Twenty runs were made for each batch of samples,
i.e., mixture of Coal Dust & Rock Dust and with pure Coal

Dust and Rock Dust.

The light from the * transmitting Fiber#% 1 was
irradiated on the surface of the sample. It was found during
the experiment that immersing the probe into the mixture
blocked the light and there was no measurable light coming
out of the receiving fibers. numbered 2 - 5. Due to
electrostatic charge sample particles were clinging at the
tip of both transmitting and receiving .fibers; to avoid
this, the probe was kept at some critical distance above the
Sample surface. This critical distance was found to be 3/8

inches (9.525 mm). This distance was found to give maximum
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possible voltage reading for corresponding 1light signal
received in the respective receiving optical fibers. Figs.
3.12 and 3.13 show the reflected light picked up by the
receiving cptical fiker. Alse, after every readlng the probe
surface was comﬁletelg cleaned to remove any clinging dust

particles.

s
=
=
S -

R e R | .‘J

Fig. 3.12 Transmitting optical fiber
illuminating the dust mixture.
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Fig. 3.13 Light reflected from the surface
of the dust samples is seen coming

out of the receiving optical fiber
ends.

30
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CHAFTER 4

DATA ANALYSIS AND DISCUSSIONS

4.1 INTRODUCTION

Data collected during the experiment were graphed and
seem to follow an exponential decay 3 Mathematical
derivation of formula and curve fitting is given in detail

in APPENDIX C.
4.2 DERIVED EQUATIONS

Tables D.1 to D.5 (Appendix D) contains various data
collected for different mixtures of the samples. Equations
4.1 to 4.5 are derived from the plots of the data (Appendix
D) collected and the mathematical computations done in

Appendix C. .

For 100% Coal Dust + 0% Rock Dust

y = BE00 e~ 4-2°107x 4.1

For 75% Coa; Dust + 25% Rock Dust

y = 5100 e- !-29°107°x 4.2)

For S0% Coal Dust + 50% Rock Dust

3

y = S200 e~ }-47°107°x 4.3
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For 25% Coal Dust + 75% Rock Dust

3

y = 16400 e~ !-17°107°x C4.4)

For 0% Coal Dust + 100% Rock Dust

3

y = 418500 e~ }-28°107°x (4.5)

Setting y=F and x = d, in equations 4.1 through

4.5, we express constant A as a function of parameters F,

oy and A&; also, constant B is then a function of «.

Finally, actual constants to be found are &ty Cg and
O These constants were not found and left out for future
work, as this project was limited to the feasibility study

for the development of a RD meter.
% .3 DATA ANALYSIS

Table 4.1 and figure 4.6 give the Output Voltage vs
the RD percentages. The output voltage reading was Ffrom
receiving fiber# 3. Measurements from other receiving fibers
were discarded, because the output voltage was either
saturated or near zero. This plot (figure 4.6) then could be
used to determine the RD percentage corresponding to'voltage
measured at the output stage of the amplifier. The data
indicates that grayness varies with RD percentage, i.e., the
Output of the amplifier varies with the percentage change in

Rock Dust in a sample dust.



TABLE 4.1

Light Signal in VUolts vs Rock Dust (in
percent wt, pet).

% 25% S0% 75% 100%
o1 0.0 0.385 0.568 2.100 2.600
oc .0 0.2€EC 0.445 1.8860 3.300
03 0.0 0,312 0.543 1.780 2.300
o4 0.0 0.5585 0.805 2.020 1.760
0S 0.0 0.585 0,841 1.8190 1.580
OE 0.0 0.26% 0.568 14730 1.500
07 0.0 0.%55 0.615 1.830 1.670
o8 0.0 0.122 0.511% 1.830 2.500
oS 0.0 0.482 0.452 1.720 2.040
1C g0 0.453 0.780 1.63C 2.080
11 0.0 0.366 0.678 1.730 1.320
ie 0.cC 0.465 Q.53 1.810 2 .480
13 0.0 0,402 Q.533 1.830 2.300
14 0.0 0.273 0.835 1.820 1.670
15 . 0.0 0. 344 0.770 1.680 2.720
16 0.0 0.321 0.740 1.780 2.180
17 0.0 0.378 1.035 1.810 2.220
18 0.0 0.365 0.45S8 1.740 2.460
13 0.0 0.188 1.080 1.680 3.280
20 0.0 0.554 0.B650 1.650 2.060

Output taken of f the number 3 receiving optical fiber

NP ——
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Plot of Distance (;;m) vs Output VUoltage (mU)
for 0% Rock Dust + 100% Coal Dust samplse.
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Fig. 4.2 Plot of Distance Cum) vs Output Voltage (mU)
for 25% Rock Dust + 75% Coal Dust sample.
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Fig. 4.3 Plot of Distance Cum) vs Output Voltage (mU)

for 50% Rock Dust + 50% Coal Dust sample.
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CHAFTER S
CONCLUSIONS
S.1 INTRODUCTION

The objective of this project was to conduct a
preliminary investigation to determine the Ffeasibility of

developing a RD Meter.
Sne CONSTRAINT

During this project, we set out to measure the 1light
backscatter from a RD/CD dust sample. When the OFP was
immersed into the sample, no output was observed with either
a LED or a laser light source. It was observed that, when we
immersed the probe into the sample, dust particles were
clinging not only on the OF tips but also to the plastic
body of the probe. During trial runs, in which the OFP was
immersed in crystal sugar sample, a strong signal was
obtained with the laser light source ( both visually and by
measuring a voltage output). Using a LED source, a signal
could not be measured. No measurements were recorded Ffor
this trial run. Does scatter in a particular medium depend
On its crystal structure, material type and its reaction to

the incident light Cphoton) ?

In view of the above observations, the strategy was

Changed during the course of this project. It was then
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limited to measure the reflection from the surface of the
sample. The transmitting/receiving fibers (that is the OFP)
had to be kept at some distance ( see Chapter 3 ) above the

surface of the sample.

Setting the distance of the optical fiber probe above
the surface of the sample was not very precise. It was done
manually by keeping the probe at a particular mark on the
scale attached to the probe fixture assembly. Further, the
sample surface was not perfectly flat or level. One way of
reducing the error and variation this causes is to insert a

transparent window between the probe and the sample surface.
5.3 OTHER CONSTRAINTS

The constraints mentioned in this section have no
bearing on the theory of this project ( i.e., scatter and
reflection). Nevertheless, these have to be taken into

consideration for the final design of the RD meter.

Other specific requirements for the design of the RD
meter are listed below:

a. These constraints dictate a low noise high

gain amplifier.

b. Battery operation and portability precludes the use
of laser light source, as this requires a high
voltage power supply. High voltages should not be
used, since they could spark a fire or explosion.

C. Since the portability of the instrument is desired,

search for high intensity LED has to be made.
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S.4 ELECTRONICS

Another factor to be considered is that in the
preamplifier stage FET OP-AMP was not used. The OP-AMP used
had a higher input bias current than FET OP-AMP. It  was
observed that workbench power points may not be properly

grounded. This might have introduced some noise.
8.5 EVALUATION

An evaluation of the data collected indicates that it
is Ffeasible to design such a meter. It is dependent on
better data collection technique and instrumentation. It was
fFound that the variation in light signal is dependent on the
concentration of RD in a RO/CD mixture. Similar results were

reported by US Bureau of Hinesz.

5.6 RESULTS

It was observed that, with the different mixtures of
Coal Dust with Rock Dust, grayness of the test .samples
changes. With pure Rock Dust (whitish grayl) the signal was
very high and it was very low (practically zero) for pure
Coal Dust (jet black). It can be concluded that there may be
a relationship between the gragﬁess of the sample and the
Percentage of RD in a particular sample by measuring the
Output signal. The RD meter’s scale (digitai or analog) can
be calibrated in terms of RD percentage. Table 5.1 (based on
the Fitted curves) compares the test data with the fitted

data. The information in Table 5.1 is limited to the output



from optical fiber# 3.

TABLE 5.1

Light Intensity vs % of Rock Dust
(measured from OF# 3).

RD % TEST DATA EXPONENTIAL FIT
y; my Cyglj mu
o 0 o
e 300 380
S0 700 %90
75 1400 1600
100 2400 80

13
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CHAFTER &

FUTURE WORK

Based on this project and the study of Uptidal

Fibers, Ffuture work on the following projects could be of
interest,
1. Measurement of dust particle concentration in

surrounding air using optical fibers. This will
be of special interest to Hospitals and Clean
Rooms. Principle to be used is light scatter from

the dust particles.

When a material is subjected to an electric field,
its refractive index changes. Since optical fibers
are considered dielectric waveguides, we can expect
a change in their refractive index. This change in
refractive has direct re;gtionship with the light
wave transmission inside of the fiber. This effect
could be utilized in designing a sensor to measure

high currents inside the electric machines.

A change in diffraction and phase pattern is produced
in an optical fiber, when subjected to sound
(acoustic) waves, due to photoelasticity. This effect
can be used to modulate a light beam in the optical
fiber. Many properties, e.g., light conducting

velocity, reflection and transmission coefficients
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at interfaces, acceptance angles, and transmission
modes are dependent upon the diffractive changes

occurring in the optical fiber.

A simple optical fiber témperature sensor, which
could be attached on the surface of the boiler or
inside an electric generator. The temperature

§ensed could then be used as a control signal. There
are various ways by which this could be achieved.
When two fFibers are coupled, there could be a
mismatch between the fiber ends. This mismatch could
result in the attenuation of the light signal.

What is then needed is to artificially create this
mismatch and relate this to variation in the

temperature.
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AFFENDI X A

RAY AND WAVE OPTICS

A.l REFLECTION

When light strikes an object the light is transmitted
(refracted) through , absorbed by, or reflected Ffrom the
object. Reflection can be said to be either SPECULAR or

NONSPECULAR.

& 1 n 1
specularly
v refiected ray

Oy 9

Z=0 :
€2 72 i
F.g. A.l(a) Nonspecul ;
? Re.—‘iec‘génar AR 8\ refracted ray

an
i

Fig. A.1 Specular, nonspecular reflection
and refraction.

In fig. A.la, an incident ray of 1light strikes a
Surface and is reflected nonspecularly. In a pure
Nonspecular reflection, the reflected rays go in all
directions with equal intensities. Most of the light

detected by our eyes has undergone a nonspecular reflection.
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In Ffig. A.1b, an incident ray of light undergoes a
specular reflection at a surface. In a pure specular
reflections, all of the reflected light travels in one
definite direction. The angle of incidence ©; (measured
between the incident ray and the normal to the surface)

equals the angle of reflection 6] (measured betuween the

reflected ray and the normal to the surface). In specular
reflection
6, = 63 (A.1)

No reflection is exactly a specular reflection

(i.e., 100% of the light in one direction), and also, no
reflection is purely nonspecular ( i.e., no preferred
direction).

For a uniform wave incident at an angle &, from the
normal to the plane boundary between two dielectrics €; and
€, there is a reflected wave at some angle 6] with the
normal, and a transmitted (refracted) wave into the second
medium which is drawn at some angle 67 with the normal. For
either type of polarization, the continuity condition on
tangential components of electric and magnetic fields at the
boundary 2z=0 must be satisfied for all values of x. As in
the case of reflection from the perfect conductor, this is
possible for all values of x only if incident, reflected,
and refracted waves all have the same phase factor with

Cespect to the x direction.
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Thus,
kl sinel - kl sine; = k2 sine, ; . (A.22
for vacuum or air,
b -12 1 -9
€, B .854% %10 % mgr 107 F/m ; and A.32
for other materials,
€ = &, &, (A.4%)

The first pair in equation (A.2) gives the result 93 = 93
(the angle of reflection is equal to the angle of

incidence).
A.2 REFRACTION

SNELL’S LAW OF REFRACTION: From the last equality the
equation (A.2), we find a relation between the  angle of

refraction @7 and the angle of incidence 0,:

sine k v n
-r__l - ek el e ek
pane, E; vy ng ! R

This relation is known as Snell’s Law. The refractive
index n 1is defined to be unity for free space. For most
dielectrics, ny/np may be replaced by ( €;/€; ¥ since
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A.3 ABSORPTION

Whenever a beam of particles strikes a barrier, the
particles interact with the atoms in the barrier material.
The thicker the material, the more likely it is that an
incident particle interacts with an atom. The actual type of
interaction depends on the type and energy of the incident
particle and the material the barrier is made of, but the
net effect is that fewer and fewer of the original particle,
continue through the material. The barrier device is often

called an ABSORBER.

The number of incident particles striking a surface
per unit time per unit area is F,, and the number of these
particles per unit time, per unit area, that survive after
traveling through a thickness L of the absorber is denoted
by F. The relationship between F,, F and L is given by the

equation:

. L
F=F,e * (A.6)

where e = 2.718 and «4 is the ABSORPTION COEFFICIENT of the
material. The ABSORPTION COEFFICIENT depends on the type of
incident particle, the energy of incident particle, and the

material of which the barrier is made ; that is,

o= (£ 1n (%] (A.7>

The process whereby the intensity of a beam of
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Electromagnetic radiation is attenuated in passing through a
material medium by conversion of the energy of the radiation
to an equivalent amount of energy which appears within the
medium, the radiant energy is converted into heat or some

other form of molecular energy.

A perfectly transparent medium permits the passage
of a beam of radiation without any change in intensity other
than that caused by the spread or convergence of the beam,
and the total radiant energy emergent from such a medium
equals that which entered it, whereas the emergent energy
from an absorbing medium is less than that which enters, and
in the case of highly opaque media, is reduced practically

to zerao.

No known medium is opaque to all wavelengths of the

Electromagnetic spectrum, which extends from radio-waves,

whose wavelengths are measured in kilometers, through the °

infrared, visible and ultraviolet spectral Jragions, to
X rays, of wavelengths down to 10711 cm. Similarly, no
material medium is transparent to the whole electromagnetic
spectrum. A medium which absorbs a relatively wide range of

wavelengths is said to exhibit general absorption.
A.4 THE PHOTONS

Light travels in small bundles called PHOTONS.
PHOTON is a portion of a wave that contains only a definite
Number of cycles (not infinitely 1long). Energy is

transported by electromagnetic pulses. Each PHOTON has a
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definite amount of energy that is related to its frequency

by the relationship :
E=hf - .8

where h is the Planck’s constant ( = 6.626 X :I.O-a"1 Joules.s

or = 4.141 x 10715 gu.s ¢ 1 ev = 1.60 X 10712 Jgoules ).
A.S LIGHT WAUVE PROPAGATION AND SCATTERING

Wave propagation and scattering has great
significance in communication, remote-sensing and detection.
Media may vary in time and space, thereby the amplitude and

phase of light waves may also fluctuate randomly.
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AFFENDIX E
OPTICAL FIBERS
B.1 OPTICAL FIBERS - BASIC ADVANTAGES

Compared to other systems, optical fiber transmission

systems have unique advantages, as listed belouw:

a. operate with less energy per message unit-mile,
b. lower signal attenuation per unit distance,

c. higher bandwidth,

d. lower electromagnetic interference,

e. lower cross-talk,

f. higher resistance to clandestine eavesdropping,

g. lower shock hazard,

h. smaller size,

i. less weight, and

J. reduced consumption of critical metals,

k. operable under hazardous conditions, like mines,

and inflammable environment

The optical signal may be in analog or discrete form
and the system may operate with or without optical-to-

electrical or electrical-to-optical signal conversion.
B.2 DESIGN OBJECTIVES

Some of the design objectives considered in the
development of a good optical fiber are illustrated in

‘fig. B.1. The system consists of an optical source . The
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Fig. B.1

input signal at the left represents the information that is

impressed on the light beam that, after emerging from the

source, is Ffocused into one end of an optical Ffiber. The
light travels through the fiber and emerges from the

opposite end, where it is directed into an optical detector.

Four major design objectives are:

The desirability of maximizing the amount of
available light that is coupled/transferred into the
core of the fiber. It is only the light in the core
that is propagated along the length of the fiber with
relatively low optical power 1loss. In order to
maximize <the amount of light transfefred into the
core, it is necessary to maximize the numerical
aperture (N.A.) of the fiber.

The desirability of minimizing fhe light lost from a
beam as it travels through the core from the input to

the output end of the fiber. This 1light 1loss is
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called the attenuation (power loss) rate, expressed
usually in dB per kilometer of fiber.

3. The desirability of maximizing the information-
carrginﬁ capacity of the fiber.

%Y. The desirability of maximizing the strength of fibers
when they are initially drawn and maintaining this
strength when the fibers are formed into cables or

are used in sensors.
B.3 BASIC THEORY

According to the theory of light, a ray incident from
below on the interface between two transparent media, at an
angle ©; with the interface surface behaves as shown on
fig. B.2 . When angle 91 is large, part of the incident beam
is transmitted into the upper medium 2 and part is reflected
back into medium 1. Their relative intensities depend upon

the refractive indices of the two media.

MEDIUM 2

MEDIUM 1

Fig. B.2 Reflection and refraction I
at the interface when a
light wave travels from a |
higher to o lower. r*eFr‘actNe
index medium,
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The refractive index of a medium is defimed as the
ratio of the velocity of light in a vacuum to the velocity
of light in the medium. The higher the refractive index of a
medium, the slower light will travel in it. The refractive
index of medium 1 is designated as ny, and that for medium 2

as np, as shouwn in the figure B.3.

|
MEDIUM 2

|
<
: i P (CLADDING)

|
|
|
N, |AZ [ /l\
2N\ N .
|
. | I, : |
el '

MEDIUM 4
(CORE) !

CASE 1: 0> 0, " CASE 2: 0, < 9, CASE 3: 0,< 0,

Fig. 23 Internal reflection of light rays striking
an inTerfcce surface ¢ angles grecter
than, les= than, and a<=, the critical angie. I

Snell’s law of refraction of light at an interface
states (in this chapter we are using cosine instead of sines
of the angles) that the ratio of the cosine"of the angle 06,
to the cosine of 92 is equal to the ratioc of na/np, which in
turn is equal to the ratio vy/vp. If light propagates in
medium 1 at a lower velocity than in medium 2, the angle 9,
will be greater than angle 6 and the ray  will be bent
toward the interface when entering medium 2. The angle of
the reflected beam is equal to the angle of incidence. As
the angle 6, is progressively decreased, a state will reach
that beyond which the beam will be totally reflected back

into the medium 1. This angle at which the total internal
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reflection occurs 1is called the critical angle. Let that

angle be designated as 6., where 6, is equal to 6..

-1 nz
- P — . 1
L cos m CB.1>

For all values of 6, equal to or less than the critical 0.,

.the incident ray will be totally reflected and energy will
not be transmitted into medium 2. This phencmenon of total
internal reflection occurs only when the velocity of 1light
in medium 1 of incidence is less than the velocity of 1light
in medium 2; i.e., ny>na. It is this phenomenon of total
internal reflection which serves as the basis of operation

for optical fibers.

The refractive index of the core material must be
slightly higher than that of ihe cladding material. In this
manner, the light ray is totally trapped inside the core of
the optical Ffiber. Ideally, the light ray will propagate

without attenuation through the core of the fiber.

| The refractive index of the cladding is held slightly
less than that of theAcore and thus it is convenient to

introduce a quantity, say a, the fractional difference

batween_the two refractive indices, defined by the equation:

From Equation (B.1) and (B.2), and for a ray that
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travels in a plane containing the central axis of the core

(a meridional ray), the cosine of the critical angle is

- n, :
given by -l that is,
1

N2
cose, = ;== 1 - & (B.3)
1
cos?e, = 1 - 2a + a? (B.4)
sine_ = 1 - cos?e, = 2a - a? (B.5)
i
sine, = (2a - a%)? (B.B)

when A << 2 , which is usually the case for optical fibers,
then:

sine, = N(2a) (B.7)

Critical angles, as © are wusually only a few

c’
degrees in measure. Rays propagating inside the core at
angles equal to or less than 6, will be trapped inside the
core, while rays that propagate at angles 6; > 6, will be
partially transmitted into the cladding each time they
encounter the core-cladding interface. These rays rapidly
attenuate as they travel further into the core and thus do

not contribute significantly to propagation over long

distances.

B.4 NUMERICAL APERTURE (N.A.)

The numerical aperture (N.A.) of an optical fiber is
defined as the sine of half angle of the cone of light that
is incident from air on the input end of an optical Ffiber,

Such that all the rays having a direction that lies within
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such that all the rays having a direction that lies within
the cone will be trapped within the core once they enter the

fFiber as shown in fig B.4.

CLADDING - n,

ACCEPTANCE

Fig. B.4 Light rays within the
acceptance cone are

trapped within the core.

From the definition, numerical aperture ¢N.A.) is

equal to sin e'c:

. 2 2
N.A., = sine , = ('b > n,] s BT (B.B)

N.a. « al[2n,(n, - n;)] (B.9)

Equation (B.8) states that the amdunt of light that
will remain trapped and propagate in the core is directly
Proportional to the square root of the product of the core

refractive index and the core cladding refractive index

difference.
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AFFENDIX C
MATHEMATICS & DATA ANALYSIS
cC.1 INTRODUCTION

Curves of best fit were applied to the collected
data. According to Beer’s Law, the expected curve is an
exponential decay type of curve. The normal equations are

derived by Least Square Method.
c.e MATHEMATICS
Since the predicted curve is an exponential decay

curve it will be of the form:

-Bx1

u, = Ae C.1)

where A and B are the unknown constants.

Let Xy, Y, be test data; i = 1.2, 650,

n
Least Squares method states that [ > |g‘ - Uy | ] should be
; i=1

a minimum where, y, and y, are the test data and fit,

respectively.

Taking the natural logarithm of equation (C.1), we

have,

lIny, =1nA-B - x, c.2>

Setting, 1n ¥y, - Qu, InA=A and B = - g, equation (C.2)

Can be written as,
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~o ~o ~o
Y, ™ A + Bex, CC:3)
Then the sum of the squares of the residuals'is
~ 2 ~ ~ ~ 2
Z(Y‘ = Yi] - Z[Y; - (A + Bxi)] (C.%)>

are unknown.

w?

where 1(3,33 and, Z and

The objective now is to find A and E'Eor the best

exponential fit. This requires (necessary condition) that:

(]
—

= 0

o @
% 3]

=0

o
o

Partial differentiation of equation (C.4) yields:

~o ~
-;% =2s[ ¥, - A - B xpe-13 ) (C.5)
(C.6)

~ ~o ~
% - EZ[CY, = A =B xyd (-xl)]
-3
Equatind equations (C.5) and (C.B6) to zero produces
the associated normal equations, that is,

~
C.7)

C.8>
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where,
i = index ; 1 = 1, 2, 3, 4
n o= 4

x; = center—-to-center distance from the transmitting OF to
the receiving OF, in microns.

y; = voltage in mV

2(x,;) = the sum of all distances.

~
Y, = 1in u,

Z?'t = the sum of data at respective distances in mV.

>(x,?) = the sum of the squared distances.

Above parameters were calculated using Lotus 123“.

Tables C.1 to C.S give values of above parameters.

Table C.1

100% Coal Dust + 0% Rock Dust

i X, u, x,2 ?u = 1ln y, x,?u

1 1000 95 1x10% 4,5539 4,554x103
2 1850 60 1.5625x10° 4,0843 5.118x10°
3 1500 @22 2.25x10° 3.0810 4.637x10°

u 1750 4  3,0825x10° 1.3863 2.426x103
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From Table C.1 we have,
n.= .4
>(x,) = 5.5x10°
>(x,2) = 7.875x10°
=(¥,) = 13.1es5

>(x,+¥,) = 18.735x103

Substituting these values in simultaneous equations
C.7 and C.B, and solving for A and B we obtain,

A = BE02.8 or A = BEOO, B = 4.2025x10™3 or B = 4.2x1073

Therefore, for 100% Coal Dust, the fitted curve is

-3
y = B600 g~ %2710 7z (C.:

Table C.2

75% Coal bust + 25% Rock Dust

i X, u, xlz Qu = ln y, x,?u

1. 1000 1400 1x10° 7.2442 7 .244x10°
2 2000 400  4x10° 5.8915 11.983x10°
3 3000 100 9x108 4.6052 13.816x10°

o | 4000 30 16x108 3.4012 13.605x10°
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From Table C.2 we have,

n =4

3.(x,) = 10x10°

=(x,%) = 30x10°®

=(¥,) = 21.2421
s(x,-¥,) = 45.648x10°

Substituting these values in simultaneous equations

C.7 and C.B8, and solving for A and B we obtain,
A = 5110.2 or A = 5100, B = 1.2914x10™3 or B = 1.29x10 3

Therefore, for 75% Coal Dust + 25% Rock Dust the fitted

curve is,

y = 5100 e~ 1.29°107z (C.10)

Table C.3

50% Coal Dust + 50% Rock Dust

i " u, x,? Y, - 1In u, X, Y,

1 1000 16B0  1x10° 7 .4265 7.427x10°3
2 2000 600  4x10° 6.3963 12.794x10°
3 3000 140 9x108 4.9416 14.825x10°

e 4000 20 16x10° 2.9857 11.983x10°




65

From Table C.3 we have,
n==u4
=(x,) = 10x10’
=(x,?) = 30x10°
=(¥,) = 21.7807
=(x,-¥.) = 47.029x10°

Substituting these values in simultaneous equations

C.7 and C.B8, and solving for A and B we obtain,
A = 9196.5 or A ~ 9200, B = 1.4746x10° > or B = 1.47x10 2

Therefore, for 50% Coal Dust + 50% Rock Dust the fitted

curve is,

y = S200 e~ !-47°107x : (C.11)

Table C.4

25% Coal Dust + 75% Rock Dust

i X, u, - Py Y, = 1n U, x, Y,

1 1000 4680 1x108 B.4511 B8.451x10°
2 2000 1720 4x10% 7 .4501 14.800x10°
3 3000 560 9x10° 6.3279 18.984x10°

4 4000 140 16x10° 4.9416 11.983x10°
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From Table C.4% we have,

n =44

T(x,) = 10x10°
=(x,?) = 30x10°
=(¥,) = 27.1707

=(x,-¥,] = s2.101x103
Substituting these values in simultaneous equations
C.7 and C.8, and solving for A and B we obtain,
A = 16408 or A = 16400, B = 1.1652x10™3 or B = 1.17x107 3

Therefore, for 25% Coal Dust + 75% Rock Dust the fitted

curve is

y = 16400 e~ 1-17°107%z C.12>

JTable C:8

0% Coal Dust + 100% Rock Dust

i % u, x,2 Y, = 1In u, x,Y,

1 1000 14500 1x10° 9.582 9.582x103
2 2000 2500 4x10° 7.824 15.648x10°
3 3000 800  9x10° 6.685 20.055x10°

4 4000 300 16x10° 5.704 22.816x103

e

PR Ry Py R



67

From Table C.S we have,
n==%
S(x,) = 10x107
z(xf] - 30x10°
=(¥,) = 29.795

=(x,-¥,) = s8.101x10°
Substituting these values in simultaneocous equations
C.7 and C.B, and solving for A and B we obtain,
A = 41858B.5 or A = 41800, B = 1.2773x10°3 or B = 1.28x10™3

Therefore, for 0% Coal Dust + 100% Rock Dust the fitted

curve is,

-3
y = 41800 e~ !-28°10 "z (C.13)

Setting y = F and x = d in normal equations C.7 and

C.B. Whereas, constants are Q(Fo, «g and a ) and B(ay).

Finally, actual constants to be found are «, ®g and

Various normal exponential fits derived are plotted

(see figures C.1 to C.S), using MathCAD™
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Data collected show a monotonic behavior and are
recorded in Table C.6 for various percentages of RD

concentration in the sample.

TABLE C.6

Monotonic behavior of the data
¢ all in mU).

% Rock Dust in sample

Distance
um 100 75 S0 25 (o]
1000 14500 4800 1650 1350 85
2000 2500 1720 600 410 2
3000 8BS0 S60 150 100 (o)

1000 300 150 S0 40 0
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AFFENDI X D

EXPERIMENTAL DATA TABLES

All the test data obtained during the experiment

~given in Tables D.1 to D.S.

ié. -

are



TABLE D.1

100% COAL DUST + 0% ROCK DUST

All measurements in VUolts

1000 um 2000 um 3000 ym 4000 um
01 0.045 -0.012 -0.025 -0.028
o2 0.047 -0.013 -0.024 -0.027
03 0.045 -0.014 -0.024 -0.026
o4 0.058 -0.011 -0.023 -0.0e5
0S5 0.045 -0.011 -0.022 -0.025
06 0.046 -0.018 -0.023 -0.023
07 0.043 -0.017 -0.012 -0.013
o8 0.037 -0.008 -0.011 -0.013
0Ss 0.078 -0.008 -0.026 -0.0239~
10 0.08e -0.008 -0.024 -0.013
11 0.088 -0.008 -0.024 -0.027
12 0.087 -0.002 -0.024 -0.028
13 0.082 -0.007 -0.02% -0.0e8
14 0.083 -0.005 -0.025 -0.0e8
1S 0.087 -0.000 -0.023 -0.027
16 0.088 -0.008 -0.025 -0.0e8
17 0.088 -0.013 -0.026 -0.0238*
18 0.103 -0.016 -0.026 -0.0238
19 0.088 -0.015 -0.026 -0.028
20 0.081 -0.016 -0.026 -0.023
2l 0.088 -0.003 -0.024 -0.0e8
ee 0.1l12 -0.007 -0.022 -0.027
e 0.103 -0.008 -0.021 -0.026
g 0.123 -0.004 -0.022 -0.027
25 0.121 -0.007 -0.022 -0.027
26 0.110 -0.006 -0.022 -0.027
27 0.081 -0.002 -0.023 -0.027
8 0.118 -0.011 -0.018 -0.025
23 0.120 -0.007 -0.020 -0.026
30 '0.108 -0.005 -0.021 -0.085

* Cleaned

fiber tips in the probe
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TABLE D.2

75% COAL DUST + 25% ROCK DUST

All measurements in Volts

1000 um

1000 um 2000 um 3000 um
01 1.340 @.385 0.108 0.033
oe 1.740 0.260 0.020 0.02s
03 1.410 0.312 0.02e2 0.027
O4 1,370 0.555 0.1%2 0.040
0S 1.320 0.586 0.133 0.037
06 1.700 0.264 0.070 0.027
07 1.460 0.455 0.101 0.035
o8B 1.440 0.122 0.038 0.027
oS 1.4%70 0.482 0.108 0.038
10 1.680 0.468 0.115 0.033
11 1.520 0.366 0.0883 0.028
1le 1.280 0.4B65 0.131 0.036
13 1.520 0.402 0.103 0.028
14 1.540 0.273 0.067 0.023
15 1.180 0.344 0.088 0.032
16 1.350 0.321 0.070 0.027
17 1.270 0.378 0.081 0.031
18 1.430 0.365 0.078 0.023
18 1.500 0.188 0.053 0.025
20 1.180 0.554 0.168 0.038

Ratio bg weight - 12 gms Coal Dust
4 gms Rock Dust
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S0% COAL DUST +

All measurements in Uolts

TABLE D.3

50% ROCK DUST

1000 um 2000 um 3000 um $000 um
01 3.280 0.568 0.085 0.022
o2 1.780 0.4145 0.080 0.028
03 1.650 0.543 0.113 0.023
o4 1.630 0.605 0.135 0.035
0S5 1.480 0.641 0.147 0.040
06 1.530 0.568 0.120 0.025
o7 1.570 0.61S5 0.085 0.021
o8B 1.560 0.511 0.107 0.038
0s 1.580 0.452 0.082 0.026
10 2.000 0.7380 0.178 0.048
11 1.850 0.678 0.208 0.031
12 1.520 0.535 0.133 0.033
13 1.340 0.533 0.13S 0.0es
19 1.2380 0.535 0.113 0.021
1S 2.230 0.770 0.057 0.00S
16 3.300 0.740 0.188 0.043
17 3.580 1.035 0.237 0.04%1
i8 ~ 2.850 0.458 0.125 0.025
19 3.120 1.080 0.235 0.048
20 2.360 0.650 0.145 0.033

Ratio by weight - 8 gms Coal Dust
B gms Rock Dust

No light

12 mV to 16 mV
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TABLE D.4

25% COAL DUST

All measurements in Volts

-+

75% ROCK DUST

3000 um

1000 ym 2000 um 4000 um
01 5.850 2.100 0.592 0.130
o2 4,950 1.860 0.486 0.036
03 3.220 1.780 0.778 0.175
o4 3.980 2.020 0.747 0.160
05 5.050 1.910 0.525 0.108
06 3.930 1.730 0.565 0.118
07 4,210 1.830 0.5391 0.120
08 3.830 1.930 0.708 0.155
03 5.310 1.720 0.455 0.100
10 4,860 1.630 0.420 0.088
11 4,850 1.730 0.489 0.087
12 %.870 1.810 0.535 0.087
13 4,140 1.830 0.650 0.124
14 4,230 1.820 0.563 0.114%
15 4,610 1.630 0.542 0.116
16 4,140 1.780 0.598 0.117
17 4,260 1.810 0.563 0.103
18 4,350 1.740 0.525 0.092
13 4,010 1.690 0.546 0.102
20 4,460 1.650 0.467 0.084%

Ratio by weight -

% gms Coal Dust
12 gms Rock Dust
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TABLE D.5
0% COAL DUST + 100% ROCK DUST

All measurements in Volts

1000 um 2000 um 3000 um $000 um

01 14 .60 2.600 0.666 0.283
oe 13.30 3.300 0.8930 0.385
03 11.60 2.300 0.745 0.222
O4 14.60 1.760 0.725 0.316
05 11.80 1.580 0.737 0.336
06 13.60 1.600 0.1397 0.148
07 14.80 1.670 0.178B 0.164
o8 14.80 2 .500 0.854% 0.434*
0s 14 .80 2.040 0.820 0.430
10 14.50 2.030 0.845 0.374
11 13.70 1.320 0.578 0.320
i 14.80 2.4B0 0.853 0.420
13 14.80 2.300 0.835 0.400
14 1% .40 1.670 0.583 0.a292
15 14.80 2.720 0.825 0.424
16 1't1.80 2.180 0.8t 0.42S
17 14.80 2.220 0.815 0.348
i8 14.80 2 .460 0.784 0.331
18 14.80 3.280 0.806 0.346
20 14.80 2.060 0.710 0.314

®* After cleaning the fiber tips of the probe
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AFFENDI X E

EQUIPMENT AND DEVICES
LIGHT SOURCE:

He-Ne Laser, Wavelength 632.8 nm, 0.95 mWw

Spectra-Physics Inc., California-S4042.
OPTICAL FIBERS:

ESKAEXTRA™
Plastic Fiber, Type EH-4001,

Mitsubishi Rayon Co., Ltd.
FIBER CONNECTORS:

a. Single Position Plug Part No. 228087-1
b. Connector Kit, Part No. 530530-2
c. Active Device Mount, Part No. S530563-1

AMP Products, USA.
DIGITAL MULTIMETER:

DUMSE "MICRORANGER”

SENCORE, South Dakota.
POWER SUPPLY:

LPS-151/152 dc tracking Power Supply

Leader Instruments Corporation, New York.



BREADBOARD:

Specially designed at Electrical/Electronic
Engineering Department, Kent State University,

Trumbull Campus, Warren.

PROBE BLOCK:

Specially fabricated at the US Bureau of Mines

Workshop, Pittsburgh, Pennsylvania.
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AFFENDIX F

LIST OF HARDWARE & SOFTWARE

HARDWARE

1. Computer - Samsung"‘ﬂndel.SSSO

2. Printer - Star

SOFTWARE

3. UWord-Processing

Y. Technical Word-

Processing

S. Worksheet

6. CAD

7. Overhead
Transparencies

#(courtesy of Kent

Micronics™ SG10

- WORDSTARMRel 5.5

Wordstar USA.

- ExacT™

Technical Support Software Inc.,

- rotus™ 1-2-3™ student Ed.
Lotus Development Corporation
Published by Addison-Wesley

- AUTOCAD™ Rel 9=
Autodesk, Inc.

- MathCAD™ ver. 2.0 Student Edition.
MathSoft Inc., published by
Addison-Wesley Publishing Company,

Inc.,& Benjamin/Cummings Publishing
Company, Inc.

- xgs™ =

Kinematic Graphics

State University, Trumbull Campus)




10.

12.

13.

EIEBL IOGRAFHY

U.S. Code of Federal Regulations.
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Title 30-Mineral

Resources; Chapter I - Mine Safety and Health
Administration, Department of Labor; Subpart E -
Combustible Materials and Rock Dusting; Part 75.402 -

Rock Dust; July 1, 138S.

Perlee,Henry E., Pinkerton, John E.,
"Optical Rock Dust Meter - Part I”, unpublished.

and Sapko, Michael J.,

Bonner, R.F., et al., ”Model for Photon Migration in

Optical Society of America,

Turbid Biological Media”,
Vol. %, No. 3, March 1887.

Coleman, J. Todd, et al., ”Fiber Optic Based Sensor for
Bicanalytical Absorbance Measurements”, @Anal. Chem.,

Vol. S6, pp 2249-51, 1S64%.

Johnson, Curtis C., ”Optical Diffusion in Blood” JEEE
Irans. on Bio-Medical Engineering,

April 1370.

Vol. BME-17, No.Z2,

Johnson, Curtis C., ”Nonionizing Electromagnetic Wave
Materials and Systems”

Effects in Biological
Proceedings of IEEE, Uol.

60, No.

6, June 1872.

Peterson, John I. and Vurek, Gerald G., "Fiber-Optic
Sensors for Biomedical Applications” Science, Vol.

224, pp 123-7, April-June

1984.

Reynolds, Larry, et al., ”Diffuse Reflectance from a
Finite Blood Medium: Applications to the Modeling of
Fiber Optic Catheters”, Applied Optics, Vol. 15,

No. 8, September 13878.

W., M.D., ”Bicanalytical Applications of Fiber-0Optic

Chemical Sensors” Ana
No. 7, June 1886.

2drojkowski, R.J., and Pisharoty,

al Chemi

, Vol. 58,

N.R., ”"Optical

Transmission and Reflection by Blood” lEEE
Iransactions on Bio-Medical Engineering, Vol. BME-17,

No. 2, April 1370.

Meiksin,2.H., and Thackray,Philip C.,
with Off-the-Shelf Integrated Circuits, Parker

Publishing Co., 1882.

Sze, S.M., i miconduc

Interscience Publication,

end ed.,

Electronic Ossign

vices, A wileg-
1881.
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